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Aluminum diethylphosphinate/melamine cyanurate synergistic flame-retardant epoxy resin
JIANG Qinggeng', DENG Jieqiang’, HUANG Anmin', YANG Haiyang', YAO Dingyang', ZENG Liang'
(1. Zhuzhou Times New Material Technology Co., Ltd., Zhuzhou 412007, China; 2. Hunan University of Technology, Zhuzhou 412007, China)

Abstract : Without sacrificing the flame retardant performance of the resin, the total content of flame retardants was reduced to
solve the problem of deterioration of the mechanical and thermal properties of the resin matrix caused by the large content of single-
component halogen-free flame retardants. Adopting aluminum diethylphosphinate (ADP) and melamine cyanurate (MCA), a phos-
phorus-nitrogen intumescent synergistic flame-retardant system was constructed for flame-retardant modification of epoxy resin
(EP). The influences of the content and ratio of the flame retardant on the flame retardancy, thermal properties, mechanical proper-
ties and residual char microscopic morphology of the EP material were systematically investigated by limiting oxygen index (LOI),
vertical combustion test (UL 94), cone calorimeter test, scanning electron microscopy and so on. The results show that EP can reach
V-0 rating of UL 94 with LOI of 29% when 12 wt% ADP is added alone. When the total content of flame retardants is reduced to 9
wt% and the mass ratio of ADP to MCA is adjusted to 7:1, EP still achieves V-0 rating of UL 94 with LOI of 29%. The peak heat
release rate and the total heat release are decreased by 62.0% and 23.4% respectively compared to EP without flame retardants, and
decreased by 11.5% and 5.5% respectively compared to EP systems with the same content of ADP added alone. Residual char char-
acterization shows that a continuous and compact intumescent char layer is formed at this ratio, exerting dual flame-retardant effects
of condensed-phase char formation and gas-phase dilution. Meanwhile, the synergistic flame-retardant modification of ADP and
MCA has few effects on the glass transition temperature, thermal stability and mechanical properties of EP, which endows EP with
excellent flame retardancy at a low content of flame retardant, and has no significant impact on other properties.

Keywords : epoxy resin ; flame retardant ; aluminum diethylphosphinate ; melamine cyanurate ; synergistic modification
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Tab.1 Epoxy resin formulations incorporating different contents of ADP

Samples E-51 content/phr 622 ;):rltent/ PUP content/phr D230 content/phr  IPDA content/phr DMP-3;)hiontent/ ADP content/phr
EP-0 90 10 0 4.7 18.8 1
EP-ADP-0 90 10 10 4.7 18.8 1 0
EP-ADP-3 90 10 10 4.7 18.8 1 4.2
EP-ADP-6 90 10 10 4.7 18.8 1 8.6
EP-ADP-9 90 10 10 4.7 18.8 1 13.3
EP-ADP-12 90 10 10 4.7 18.8 1 18.3
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Tab.2 Testing results of vertical combustion and LOI of EP-ADP-n system

Samples UL 94 flame retardant rating t/s 1,/s (t,+t)/s Dripping Flame to fixture LOI/%
EP-ADP-0 NR >30 - Failing YES YES 21.1+0.3
EP-ADP-3 NR >30 - Failing YES YES 24.240.2
EP-ADP-6 V-1 21 17 38 NO NO 24.1+0.4
EP-ADP-9 V-1 9 9 18 NO NO 28.3+0.4
EP-ADP-12 V-0 3 1 4 NO NO 29.0+0.2

Notes: NR stands for not rated; #, and ¢, are the time of extinguishment after the first and second ignition respectively; LOI is the limiting oxygen

index.
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Tab.3 Cone calorimetry test results of EP-ADP-n system

Samples TTI/s PHRR/(kW -m?) trS FIGRA THR/(MJ+-m %) TSP/m?
EP-ADP-0 109+28.3 1056.6+41.0 135.5 7.8 80.5£1.9 21.943.1
EP-ADP-3 98+5.7 670.9+14.1 163.6 4.1 70.742.6 21.1+0.6
EP-ADP-6 110+14.1 595.6+48.7 212.7 2.8 72.2+4.3 23.2+1.3
EP-ADP-9 108+28.9 453.9+0.4 227.0 2.0 65.3+5.6 25.7+1.9
EP-ADP-12 119+11.2 379.548.1 151.8 2.5 69.7+3.1 22.0+0.8
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fifi I LOT 55 UL 94 3 LA B X ADP/MCA
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#5. ATLIAEH, 24 ADP 5 MCA JEm bl 7: 11,

EP-ADP:MCA-7: 1 {4 Z BHIASC R e f4: , UL 94 BHAR
A 5K 3 V-0 9%, [A] I} LOT 3% 29.0%, #H [t T EP-
ADP-9 1A R BA T AF HBHMA R . XKW ADP 5
MCA &R T PHERHAAER . R, 2F—P i MCA
(IS I B, A 2R A BEARSCR I AR TR T, i
PR RS, LLEP-MCA-9 & 5 ], i% 1Ak 2 A BE
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A XUt ZE BRI BRI 2 b MCA B3 in i
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Tab.4 Epoxy resin formulations with different mass ratios of ADP and MCA

Samples E-51 content/ 622 content/ PUP content/ D230 IPDA DMP-30 ADP content/ MCA
phr phr phr content/phr ~ content/phr  content/phr phr content/phr
EP-ADP:MCA-7:1 90 10 10 4.7 18.8 1 11.6 1.7
EP-ADP:MCA-5:1 90 10 10 4.7 18.8 1 11.1 22
EP-ADP:MCA-3:1 90 10 10 4.7 18.8 1 10.0 33
EP-ADP:MCA-1:1 90 10 10 4.7 18.8 1 6.7 6.7
EP-MCA-9 90 10 10 4.7 18.8 1 0 13.3
&5 EP/ADP/MCAFRMEE MR LOLMIALER
Tab. 5 Testing results of vertical combustion and LOI of EP/ADP/MCA system
Samples UL 94 flame retardant rating t/s t,/s (t,+1)/s Dripping Flame to fixture LOI/%
EP-ADP-0 NR >30 / Failing YES YES 21.1£0.3
EP-ADP-9 V-1 9 9 18 NO NO 28.3+0.4
EP-ADP:MCA-7:1 V-0 2 2 4 NO NO 29.0+0.2
EP-ADP:MCA-5:1 V-1 15 3 18 NO NO 27.9+0.2
EP-ADP:MCA-3:1 V-1 13 2 15 NO NO 25.8+0.3
EP-ADP:MCA-1:1 NR >30 / >30 YES YES 26.240.5
EP-MCA-9 NR >30 / >30 YES YES 21.1£0.1

K2 /R T ADP 5 MCA AR F H R EP By
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Jin ADP P BHAAR 2 | RIS I ADP 5 MCA BHAA
1 EP 1A R HA AL FH#AYERE . PHRR A THR ¥
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I, W5 T Al ke ) EPEP-ADP: MCA-3: 1 ) PHRR
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TR T 13.8%; X & i Lok 1: 1 i), EP-ADP:
MCA-1:1 1Y THR 5%,y 54.5 MJ/m’, 55 EP-ADP-9
RFAH L, BEIRIA 16.5%; 2 —F B [kl 7: 10,
.8 PHRR Fll THR A& f A%, {H 4 EP-ADP-0 1A %
Iy T 62.0% F123.4% , % EP-ADP-9 {4 £ /3 5]
TFET 11.5%F15.5%.

A, 38 & FIGRA 43 #7 & 8t , EP-ADP-9 , EP-
ADP:MCA-7:1fIEP-ADP:MCA-5: 1 /A & A FIGRA
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Fig. 2 Screenshots of vertical combustion test videos for EP/ADP/MCA system
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Fig.3 Cone calorimetry test curves of EP/ADP/MCA system
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Tab. 6 Cone calorimetry test results of EP/ADP/MCA system

Samples TTU/s PHRR/(kW -m?) b FIGRA THR/(MJ-m %) TSP/m?
EP-ADP-0 109+28.3 1 056.6+41.0 135.5 7.8 80.5£1.9 21.943.1
EP-ADP-9 108+28.9 453.9+0.4 227.0 2.0 65.345.6 25.7+1.9
EP-ADP:MCA-7:1 113+16.3 401.5+3.0 200.8 2.0 61.7+5.4 20.3+0.1
EP-ADP:MCA-5:1 128+19.8 407.610.8 203.8 2.0 64.6£2.6 21.8+0.5
EP-ADP:MCA-3:1 93+4.4 391.3+27.5 139.8 2.8 58.742.9 21.240.5
EP-ADP:MCA-1:1 70.7+5.16 397.142.1 107.3 37 54.5+7.9 21.9+4.7

EP-MCA-9 143+15.5 492.8+26.8 214.3 2.3 82.8+2.4 21.0:0.4

ADP A5 AL HUEE | E LE DX (] 35 6 BB B R4 o
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MELLARAS A 35 5 5 1M MCA 75 i g D 2 5 30¢
JZEE W BHEAMERE TR . H kT % ADP 5
MCA JFitg b 7: 1 AR R AL L o
2.3 EP/ADP/MCA 4k % FLXXAUFE AT 52

T #%F EP/ADP/MCA 14 2 B BHARAL I, X4k
T s RS 1 5% e AT B 40 B 5 SEML 43T o
PR 5 5% 5T 3R] LAAE R PR BELR P 1) — > EE 2L
Fabr, Bl 4 BoR T HEE f PO A S sk e AL
MBS [R5 R a] LIFS 1, EP-ADP-0 {& & L5,

STt |
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HEATF—p F ISR . I T ADP ) EP £
B — 2 2 A B Bk B4
WINTMCA J& , 5% 5 &R B B Ik B 4L . 24 ADP
L5 MCA i Hoh 5 1, 5%k S B0 S f5 v P R A
& SR, 24 ADP 5 MCA JFi& He ol 7: 10, 3ok
TR H 58 v 0 M ik v R i 2 S AR FLBR 2 A . X
W EIE T TR 2 ADP 5 MCA i ool 7: 10, 4%
B BB ERE A B AL NG . R AR be i R
ADP W7 ff Rk T Ak il F2 . MCA F3 i B H
SN VEASNH,) FIZK ZE S (HL0) S5 R E S A fiff
WIZIEIE B BT k)2 . 2 MCA & s 4k 2L 5
B e 3 I 2RI 5, K800 T B
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14 EP/ADP/MCA 1K 3 5k 5 A5
Fig. 4 Residual char digital photos of EP/ADP/MCA system
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MCA-9 5% S B P 2T LRI S AN B A 14
R MCA A SAHRIER , BN AR

BT TR AR AN ZE) RN A S e, AT 47 il 9K
o THN,MCAIEEA VAR, R MCA 73t
WK FE A, B ATORA o) 2R T U B, DT SE % 453

4 {fi F§ ADP 5 MCA P3[R BHIA EP B, /i 2% 52 81
WU FIESE 5K . MCA RIS G B ik
WP R 325 82 114 T )22 65 vy BEL VA DRI TR G T B2 Jik &5
o 3 oA (14 5 i DT T R AR, i KB
T TR S I AR, DTS B T B i BE AR AL
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Fig. 5 SEM images of residual char after conical calorimetry test

2.4 EP/ADP/MCA # % 3% 35404 X 8 E AT

%] 6 g A~ [) JB it LG 1 ADP 5 MCA FHAA A 2 114
DSC 4k, il L & B in ADP B 25 fiff EP (1B
B EE AR IR BE R, L EP-ADP-0 114 119.7 °C F &2
EP-ADP-9 1) 114.3 °C, NP T 4.5%. X AT fgZH A
ADP AT T EP B SSRGS K, FRAIR T 40 F 22 1)
(AR ELAE R, 340 T 4% B iz slife g, DA 3% 5
L5 88 B T B . O34, A MCA J& , EP/ADP/
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Fig. 6 DSC curves of EP/ADP/MCA system
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IR MCA 2 3053 it I 09 77 90 R PR 2 , 1T B
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Fig. 7 TG and DTG curves of EP/ADP/MCA systems

R7 EP/ADP/MCA s ZEFERE MH T EE

Tab.7 Analytical data on thermal stability of EP/ADP/MCA system

Samples T,,/°C T./°C Coof/ %o
EP-ADP-0 3273 3725 5.1
EP-ADP-9 3224 366.5 9.7
EP-ADP:MCA-7:1 307.4 362.9 7.8
EP-ADP:MCA-5:1 319.9 365.3 7.9
EP-ADP:MCA-3:1 312.4 370.6 72
EP-ADP:MCA-1:1 3174 374.8 6.9

EP-MCA-9 3173 350.0 4.4

Notes: T, is 5% mass loss temperature; 7,

max

is temperature at maxi-

mum mass loss rate; C . is residual mass fraction at 800 °C.

ADP & HUB S, 5% kR , 3R ADP 2 Tt
RAHRAMR . Ko ADP S A WU R, 70 il AR flifk
Rk, ERIIE N — 252, ] T 458 584 A
PRFFIRLRE B4 H0, T H 5 1 PRI BEGA .
2.6 EP/ADP/MCA K % 71 5 B4R AT 5
ANPGRS 25 7™ B 52 0 BP /Y 124 RE, BT
PIXT EP-ADP:MCA-7: 1R R P T T I3 PR BRI,
B 5 EP-0 R RbAT HL A, HARZE IR L 8,
EP-ADP: MCA-7: 1 fi¥ it 58 i 4 HE EP-0 1A &
f)24.9 kI/m* #2551 3.6%., EP-ADP:MCA-7:1 %5
pily 5 525 A 4351 R 116.5 MPa #i13.47 GPa, 5
EP-0 A Lt , 25 5 BE 48 & T 3.7%, 25 i B it i 17

#8 EP-0 5EP-ADP:MCA-7: 1A RH 1EHEREHIRE
Tab.8 Mechanical properties data of EP-0 and EP-ADP:MCA-7:1

Samples
Items
EP-0 EP-ADP:MCA-7:1

Impact strength/(kJ+m ) 24.9£3.2 25.842.3

Flexural strength/MPa 112.3£2.3 116.5+2.1

Flexural modulus/GPa 2.68+0.03 3.47+0.05

Tensile strength/MPa 69.1£1.1 60.9£1.3

Elongation at break/% 5.8+0.4 4.940.1

29.5%; i Ji 55 W A 2530 60.9 MPa Fil
4.9%, AL T EP-O (K R, Wi B R T 11.9%, B
SUPRATRET 15.5%. X 2EF A ADP flMCA FH
BT 5 EP (ARZS AN, i AL 255 10855 , ADP
MCA 43 HUFE EP b I8 Ry Ry 7 5, AT EP 1Y)
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i 8 R, AR AT 45 R L2 9,

1 [& 8 5 1Y, BEIA IS 14 tand WA a1 (IR A2 3, 26
W BHA ) EP-ADP : MCA-7: 1 At 3% 35 A0 55 725 15 R A

0.7 Ep-ADP-0
06— EP-ADP:MCA-T:1

0.5+

0.4+

tand

0.3

0.2

0.1

0 I I I I I I I I |
20 40 60 80 100 120 140 160 180 200
Temperature/°C

(a) Loss factor (tano)
3000

2500
2000
1500

1000

— EP-ADP-0
5001 —— EP-ADP:MCA-7:1

Storage modulus/MPa

0 1 1 1 1 T ]
20 40 60 80 100 120 140 160 180 200
Temperature/°C

(b) Storage modulus

K8 EP-ADP-0 1 EP-ADP:MCA-7: 1 DMA Rk
Fig. 8 DMA curves of EP-ADP-0 and EP-ADP:MCA-7: 1
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Tab.9 DMA analysis results for EP-ADP-0 and EP-ADP:MCA-7:1

Samples T/°C E'/MPa
EP-ADP-0 122.1 2 650.3
EP-ADP:MCA-7:1 121.7 2978.0

Notes: T, is glass transition temperature; E' is storage modulus at
20 °C.
EP-ADP-0 [ 122.1 °C N F§ % 121.7 °C {0 T IR EE
AR/ING RIS H: tand 1 2 iy ~F 06 5 B AR 78 e W FHAAR
RIS IR T F8Erizsh . 548,130 °CLLF,
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I A EEHT A BERAAR R o S BHA R B o it o 450
9%, H.ADP 5 MCA i o~ 7: 1B, BHEARCR e hy
FHAE EP (1Y UL 94 FHIASEGLIR 3] V-0 2, LOL 4457
29%, S HH A 7% i ADP BH#X EP {& 2 4 Lt , PHRR FI
THR 45 At TR, 43514 401.5 kW/m* f1 61.7 MJ/
m?, [w] 5 30 4 B 7t A i B 55 TSP &l 20.3 m’.
ZUE T EP (NZEA B RE e
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A AR R T RT3 358 A 2 7 T AT A AT, (H R Ml AN
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SR G T = S (SN ] ) S DO S A
725" PR R 75 28] B S B T, oo i R Sl i A
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ZE FRTR , ADP 5 MCA b ] BHLAR ] 05 15 5 4%
AU B FE AN R M G 4 FC A Pk RE AR AT 42 T 2035 EP
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